Background. Myocardial ischemia attributed to coronary steal may occur in some patients receiving pharmacological coronary vasodilation. ECG ST-segment depression is a marker of myocardial ischemia in these patients, but the factors determining the presence or absence of ischemia are not well known.
Thallium-201 scintigraphy during pharmacological coronary vasodilation with dipyridamole, which acts by increasing endogenous adenosine levels, has been used as an alternative approach to exercise stress for detecting coronary artery disease1-6 and for risk stratification after an acute myocardial infarction7,8 in patients with stable angina9-11 and in the preopera-tive risk evaluation of patients undergoing vascular noncardiac surgery. 12 In these studies, ECG ST-segment depression indicative of ischemia occurred in approximately 7-15% of patients with coronary artery disease, a frequency much lower than that reported during exercise testing.18 Previous reports indicated that dipyridamole-induced ST-segment depression occurs predominantly in patients with three-vessel coronary artery disease,3 in those with coronary collateral vessels," or both.'3 Ischemic ST-segment depression during dipyridamole administration has also been attributed to an increase in rate-pressure product, which parallels myocardial oxygen demand," and to a decrease in arterial blood pressure,13-'5 which may reduce coronary perfusion.
We have proposed the use of intravenous adenosine, a potent coronary vasodilator, in conjunction with`0'Tl single-photon emission computed tomography for diagnosing coronary artery disease. In our initial studies, 12% of patients receiving adenosine developed ischemic ST-segment depression.'6 Although ischemic ST changes typically occur several minutes after comple-tion of intravenous dipyridamole injection, with adenosine they occur during the infusion because of adenosine's very rapid half-life, which may be as short as 0.6-1.5 seconds. 17 The determinant factors of adenosine-induced ST-segment depression have not been investigated in patients with coronary artery disease. Therefore, the goals of the present study were to determine the hemodynamic, angiographic, and scintigraphic correlates of adenosine-induced ST-segment depression in patients with significant coronary artery disease.
Study Patients
The research protocol was approved by our institutional review boards of human research, and all patients signed informed consent. The study group The unprocessed anterior frame acquired as part of the early adenosine tomographic study was identified. This anterior projection was selected because the ability to spatially distinguish myocardial and lung regions of interest was best with this view and for comparison with previously published studies using similar techniques.22 The myocardial and lung`01Tl activities on this anterior image were determined using regions of interest measuring 2.5 x 2.5 pixels in size. The regions of interest were placed on three myocardial segments (anterolateral, apical, and inferior) and in the medial aspect of the left upper lung field, approximately 2.5 pixels superior to the anterolateral myocardial segment and 2.5 pixels lateral to the mediastinal photon-deficient area. The lung/heart`0'Tl activity ratio was calculated as the mean counts per pixel in the lung region divided by the highest mean counts in the myocardial regions. The upper limit of the normal lung/heart ratio during adenosine scintigraphy is 0.42 in our institution. 23 The interobserver and intraobserver reproducibilities in quantifying lung/heart ratio were determined in a random group of 30 patients with and without coronary artery disease. The absolute mean interobserver and intraobserver differences for quantitative lung/heart ratio were small (3 We have reported previously our interobserver agreement for measuring the angiographic severity of stenoses in 51 patients with stenoses ranging from 0% to 100%.20 Linear regression analysis between the measured percent stenoses in all vessels by two observers yielded a correlation coefficient of 0.95 (p<O.OOO1). In vessels with >50% stenosis, the correlation coefficient was 0.77 (p<O.OOO1). The agreement between the two observers to classify vessels as normal or only insignificantly stenosed was 96%, whereas the interobserver agreement to classify vessels as having significant (250%) stenoses was 99%. Furthermore, interobserver agreement for classifying vessels having either moderate stenosis (51-69%) or severe stenosis (270%) was 84%.
Statistical Analysis
Repeated measures analysis of variance (BMPD2V, Health Services Computing Facility, University of California, Los Angeles) was used to evaluate changes during adenosine infusion in four hemodynamic variables for patients with and without ST-segment depression; using a Bonferroni correction adjusted for correlations, a probability value of s0.0125 was considered statistically significant for interpretation of these tests.
Stepwise multiple logistic regression analysis (BMDPLR) was used to determine which of several clinical, hemodynamic, and scintigraphic variables were predictors of ischemic ST-segment depression during adenosine infusion. In the stepwise multiple logistic regression analysis, the most significant predictor enters first, then the next most significant predictor is incorporated into the model, and the stepwise process is repeated until the recruitment of a new variable provides no additional improvement in the model at a level ofp<O.05.
For each significant predictor in the model, the regression coefficient, standard error, probability value, and the odds ratio and its lower and upper confidence limits are given. The Ischemic ECG changes during adenosine infusion occurred in 22 of 65 patients (34%) with reversible thallium perfusion defects. Table 1 shows a comparison of selected clinical and angiographic findings in patients with and without ST-segment depression during adenosine infusion. Significant differences between the two groups were present only for the frequency of coronary collaterals and maximal stenosis severity. Most of the collateral-dependent myocardial segments had corresponding perfusion defects (19 of 20 segments in patients with ST depression and nine of 10 segments in those without ST depression). No differences were found between the two groups in age, sex, medications used, and other coronary angiographic descriptors. Adenosine scintigraphy variables in patients with and without ischemic ST depression during adenosine infusion are shown in Table 2 . The only significant difference between the two groups was the higher frequency of anginal chest pain in patients with ST-segment depression. No differences were seen in these two patient groups with respect to perfusion defect size, location of perfusion defect, presence of complete redistribution, lowest defect thallium activity, maximal 1Tl myocardial counts, thallium lung activity, and lung/heart ratio. The lowest percent thallium activity in the defects was similar between the two groups whether the regions were perfused by collaterals (52±14% versus 50±15%, respectively, p=NS) or not (56±15 versus 52±11%, respectively, p=NS).
The lung/heart ratios were above the upper limit of normal in seven patients (32%) with ST-segment depression and in six patients (14%) without ST-segment depression (p=0.11). Five (Figure 1 and Table 3 ). Significant ST-segment depression first occurred at 3.9+1.1 min- Unless otherwise stated, data refer to numbers of patients in each group, with their percentage shown in parentheses. LVH, left ventricular hypertrophy; LAD, left anterior descending coronary artery; RCA, right coronary artery; LCx, left circumflex artery.
utes after beginning the adenosine infusion. Significant changes at minute 3 of the infusion occurred in all four hemodynamic variables ( Table 3 ). The presence of interactions (borderline statistically significant) indicates that the rates of increase (slopes) in heart rate and rate-pressure product during adenosine infusion were greater in the ST depression group (see Figure 1) . Systolic blood pressure and rate-pressure product were also significantly higher (before and during the infusion period) in the ST depression group.
Predictors ofAdenosine-Induced ST-Segment Depression Table 4 shows the significant predictors of ST-segment depression by stepwise logistic regression analysis. Rate-pressure product at baseline, systolic blood pressure, rate-pressure product, heart rate at 3 minutes of adenosine infusion, maximal increases in heart rate and rate-pressure product during adenosine infusion, and maximal percent stenosis were significantly related to ST-segment depression by univariate analysis but were not predictive after the following primary variables entered the regression model (Tables 4 and 5 ): 1) the presence of angiographic collaterals, 2) systolic blood pressure at baseline, and 3) typical anginal chest pain during adenosine infusion. The presence of angiographic collaterals was the strongest predictor with an odds ratio of 23 and confidence limits of 4-144, which indicates that patients with collaterals were from four to 144 times more likely to have ST-segment depression than patients without collaterals. With respect to the relation of the baseline systolic blood pressure to the presence of ST-segment depression during adenosine infusion, the odds ratio portends that for every positive increment of 10 mm Hg in systolic blood pressure at baseline, the likelihood of patients developing ST-segment depression increases by 1.1 to two times (odds ratio, 1.6). Likewise, the presence of anginal chest pain increases the likelihood of ST depression from two to 57 times (odds ratio, 10). Using a predicted value of 0.5 or above, the combined sensitivity of angiographic collaterals, systolic blood pressure at baseline, and anginal chest pain during adenosine infusion for correctly detecting ST depression in this study group was 77% (17 of 22). The specificity of these predictive variables in detecting no ST depression in patients without ST depression was 95% (41 of 43).
Predictive probabilities of the model were summarized by calculating the predictive probability of ST depression when collateral vessels and anginal chest pain were pres-
Frequency of Ischemic ST-Segment Depression During Adenosine Scintigraphy
In our previously reported series of 607 patients, not all of whom had coronary angiography, ST-segment depression occurred in 12.5% of all patients and was usually associated with the presence of reversible perfusion defects.24 In the series of 101 patients reported by Nishimura et a121 from our laboratory, all patients had coronary angiography, and ischemic ST-segment depression occurred in 24 patients, all of whom had significant coronary artery disease and 20 of whom had reversible defects by thallium tomography. In the present series, where all patients had angiographically documented coronary artery disease and transient perfusion defects, 34% of the patients had ischemic STsegment depression. Thus, ST-segment depression during adenosine scintigraphy is a specific although not a sensitive marker of reversible perfusion defects and significant coronary disease.
Coronary Collateral Circulation: An Important Predictor of Ischemic ST Depression During Adenosine Infusion
The presence of collateral circulation was singled out among several angiographic and scintigraphic variables as the most important independent predictor of ischemic ST-segment depression during adenosine infusion. The angiographic distribution and extent of coronary artery disease were similar in patients with or without ischemic ST-segment depression, a finding that is in keeping with previous studies during dipyridamole thallium scintigraphy.10'25
The frequency of angiographic collateral circulation was significantly higher in patients with than in those without ST depression (83% versus 23%). However, the presence of collaterals in some patients without ST depression as well as the lack of collaterals in a few patients with ST depression may be related to different degrees of collateralization, which we did not attempt to quantify because of the lack of a well-validated, meaningful angiographic method to quantify coronary collateral vessels and the inability of coronary angiography to visualize small collateral vessels.
How, then, is the presence of transient perfusion defects, which were present in all patients in this series, reconciled with the lack of other evidence of ischemia? 20`T1 perfusion defects during coronary vasodilation are not necessarily ischemic in origin but are produced by heterogeneity in coronary blood flow, which is in turn dependent on coronary stenosis severity and consequent abnormalities in flow reserve.26 However, it has been postulated that in some cases, true myocardial ischemia may indeed occur during adenosine or dipyridamole infusion secondary to a fall in regional coronary flow below resting levels caused by a steal phenomenon.27,28 In experimental studies, two types of coronary steal, collateral-dependent steal and subendocardial steal, have been demonstrated.27-29 These two different varieties of steal have different anatomic milieus. In the collateral-dependent steal, there is a fall in transmural collateral flow, whereas the flow increases normally in the territory of the donor artery. In the non-collateraldependent steal, there is a fall in subendocardial flow concomitant with a rise or no change in subepicardial flow.
In our study, perfusion defect size and percent myocardial thallium activity during adenosine 20'fl scintigraphy failed to predict ST-segment depression. The mean perfusion defect sizes in this cohort were similar to the defect sizes measured in a multicenter trial of patients who underwent adenosine scintigraphy (mean defect, 15.3±13%). In that trial, the single-photon emission computed tomography defect size obtained during exercise stress in the same patients (12.6±13%) was smaller than the adenosine defect size (p=0.0073).3°C oronary flow reserve ratio (maximal flow/rest flow) is fourfold to fivefold in normal coronary arteries, gradually decreases relative to stenosis severity, and is below one in collateralized regions because of the steal phenomenon.31 Therefore, in view of the high degree of correlation between collateral vessels and ST depression by logistic regression analysis, the ratio of maximal coronary flow ratio between the normal and the stenotic arterial territory may theoretically be higher in patients with than in those without ischemic ST-segment changes. However, patients with and without ST-segment changes did not differ with respect to the lowest percent thallium activity on the defect, probably because 201T1 myocardial extraction does not precisely correlate with true myocardial blood flow during adenosine-induced hyperemia. This is so because of the well-known fall in myocardial tracer extraction at very high unphysiological flows. Moreover, other factors such 
Hemodynamic Variables and Ischemic ST Depression
In our study, systolic blood pressure at baseline was also a predictor of ST-segment depression during adenosine infusion. Coronary flow to collateralized myocardial regions is dependent on aortic perfusion pressure and collateral resistance because the autoregulatory mechanisms of coronary flow are exhausted in collateralized regions. Thus, the baseline coronary collateral flow may be directly proportional to the systolic blood pressure.35 Moreover, previous experimental studies demonstrated that myocardial oxygen demand is related to myocardial tension,36 which is directly related to systolic blood pressure. Hence, a higher baseline systolic blood pressure may be associated with lower flow reserve and higher oxygen demand and may set the milieu for ischemic ST depression to occur during adenosine infusion.
An increase in heart rate, systolic blood pressure, and double product during adenosine infusion were also predictors of ST-segment depression by univariate analysis. An increase in heart rate is followed by an increase in myocardial oxygen demand because of an increase in the frequency of tension development per unit of time as well as by an increase in contractility.37'38 A previous study10 suggested that an increase in rate-pressure product is a significant predictor of ischemic ST changes during dipyridamole-induced vasodilation; the heart rate increase is clearly responsible for the increased double product during dipyridamole administration. Although the increase in myocardial oxygen demands resulting from the 20% increase in heart rate that occurred in our patients is modest, it might be a contributing factor in the production of myocardial ischemia.
Another mechanism has been suggested to explain ischemic ST-segment depression's that may be independent of coronary steal. A decrease in driving pressure may lead to a proportional decrease in blood flow in vascular beds distal to coronary stenoses during adenosine-induced vasodilation.
The changes in hemodynamic variables that we observed during adenosine infusion are similar to those reported after intravenous dipyridamole injection.10"4 However, because adenosine has a rapid onset of action and produces uniform, near-maximal coronary vasodilation,39 it is possible to record instantaneous changes in ST-segment adenosine infusion without redistribution on the thallium scan. Although the use of oral antianginal medications was not different between the two patient groups, the outcome in patients who were not taking antianginal medications would be uncertain because these agents may influence the myocardial supply/demand balance. Moreover, although ST-segment depression is a good marker of myocardial ischemia, in the absence of metabolic, contractile, or direct flow measurements, one should not equate ST depression with myocardial ischemia. Finally, the prognostic value, if any, of STsegment depression during adenosine infusion was not assessed in this study and merits further investigation.
Clinical Implications
The occurrence of ST-segment depression during adenosine scintigraphy is a marker of significant coronary artery disease. Our data demonstrate that transient perfusion defects in combination with ischemic ST-segment changes during adenosine 201T1 perfusion imaging are useful clues of coronary steal under maximal vasodilation. Adenosine-induced ST-segment depression may thus be a marker of severe coronary stenosis associated with angiographic collateral circulation and viable myocardium. 
